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Understanding Neurosurgery Through 
Experimental and Computer Models
Ciro Randazzo, MD, Aditya S. Pandey, MD, Erol Veznedaroglu, MD
Department of Neurological Surgery, Thomas Jefferson University, Philadelphia, Pennsylvania 
Introduction
Endovascular neurosurgery is an evolving field, with the goal of treating neurological disease with 
minimal invasion of the body. The current approach is to deliver focused therapies via catheters 
traveling through the vascular tree. Refinement and advancement of these techniques requires not 
just new ideas, but new ideas that hold up when tested through the scientific method.
Before clinical trials can begin, ethics and law demand that the ideas are tested first under experimental 
models. One benefit of these pre-clinical tests is the early identification of side effects. Another is the 
opportunity to practice and polish surgical technique in advance of human surgery.
Historically, the best models of human systems have been similar systems in appropriate animals. 
Like human care, animal use is governed by strict laws and regulations. Violating these rules can not 
only result in criminal penalties, they can also make the research worthless: an animal poorly cared 
for may have physical symptoms that mask or confound the response to treatment. 
As computing power has increased, mathematical models have become more popular. The advantages 
of computational models include relative costs and relative speed. No animals, drugs or equipment 
have to be purchased, just a computer and software. The disadvantage is that the computational model 
can only represent those aspects of the modeled system that are understood and quantifiable. 
This article is an overview of how both animal and computational models have been used to approxi-




A common animal model for aneurysms is the canine, in which aneurysms are surgically constructed 
most often through the use of venous pouches. This model was first used in 1954 by German and 
Black1. Shin and Niimi later revised it2 to allow the creation of four kinds of aneurysm—bifurcation, 
side-wall, arterial stump and small branch, each with different hemodynamics—in one dog. The 
canine models have been consistently used due to their ease of handling and anesthesia, the similarity 
of the blood vessel size to that in humans, and the reproducibility of the studies. However, the canine 
has a tendency toward rapid lysis of clots, which limits its validity as a model for testing thrombosis 
of aneurysms after embolization3, 4
Rabbit
A rabbit model of bifurcation aneurysms has been described by Spetzger and Reul.5 Although the 
rabbit has a similar blood clotting system to that of the human—an advantage missing in the dog— 
this model was limited due to high rates of pneumonia, post-operative neurologic complications, and 
peri- and post-operative mortality. There was also a high likelihood of inadvertent vessel occlusion 
seen on angiography after creation of the aneurysms. Only about half of the procedures yielded 
surgically created aneurysms which could be treated by coil embolization.
Pig
Venous pouch aneurysms have also been created on the common carotid artery in swine6 An 
advantage of the swine model is that spontaneous rupture of aneurysms, like those seen in 
humans, can occur7; experimental aneurysms in other animal models do not tend to rupture 
spontaneously. To construct the model, an anastomosis is created between the common carotid 
artery and the external jugluar vein. Retaining sutures are used to create a pouch in the proximal 
draining external jugular vein. After the animal heals for one to two weeks, an endovascular 
balloon can be placed angiographically to close 
the fistula, thus creating a fusiform vein pouch 
aneurysm which can subsequently be used for 
testing embolization devices.
Rat
Rats are popular in research for simple 
economic reasons: they are cheap to purchase 
and cheap to house. Many experimental 
studies require a comparison of treatments 
in several subjects; a large number of dogs 
or pigs would be prohibitively costly, and 
we have already seen that rabbits had a poor 
experimental yield. In a study of twenty rats, 
ten receiving Gugliemi detachable coils and 
ten receiving biodegradable polyglycolide 
coils8, the aneurysms were created by 
permanent occlusion of the common carotid 
artery (CCA) just proximal to its bifurcation, 
creating an arteriotomy between the two 
ligatures and directly depositing segments 
of coils into the CCA. Although this model 
was useful to test the response of arteries 
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limited because the end-artery did not have 
flow or anatomical characteristics similar to 
aneurysms. Vein-pouch aneurysm models 
have also been described in rats.9,10
Monkey
Because monkeys are so closely related to 
humans, they would be considered the most 
accurate model for most systems. In an effort 
to more closely mimic the anatomy and 
hematologic clotting characteristics of the 
human, Tenjin and Ueda developed a primate 
aneurysm model.11 They used femoral vein 
pouches to create venous pouch aneurysms 
bilaterally on the carotid arteries of Japanese 
monkeys. They noted a success rate of 74% at 
two weeks in creating their aneurysms. 
Arteriovenous Malformations (AVMs)
Pig
Pig vessels approximate the size of human 
vessels, their coagulation profile is similar to 
that in the human and they are fairly simple 
to anaesthetize. With these advantages, the 
pig model is the most commonly used and 
described model of cerebral AVMs. The swine, 
and other mammals including sheep, goat, ox 
and cat, provide blood supply to the brain via 
an arterial network of vessels, known as the rete 
mirabile, which is surrounded by the cavernous 
sinus at the base of the brain. Because the rete 
mirabile is a purely arterial network (as seen 
in other mammals including sheep, goat, ox 
and cat), a valid AVM model is created as 
an arterio-venous fistula formed by isolating 
and anastomosing the external jugular vein 
and common carotid artery on one side of the 
neck.3,4 The creation of this fistula with occlusion 
of carotid artery branches has been shown to 
increase flow and pressures across the rete12-14 
and result in histologic changes to vessel walls 
very similar to those seen in human cerebral 
AVMs.15 This model has been used repeatedly 
for training in endovascular techniques, to 
evaluate nascent embolic materials and for 
histologic evaluations of radiosurgical induced 
changes.16,17 
Dog
The only canine AVM model described is also 
the only completely intracerebral AVM model. 
Pietilä et al.18 created an arteriovenous fistula 
(AVF) by interposing a segment of superficial 
temporal artery between a main branch of the 
middle cerebral artery and the sagittal sinus. 
They concurrently implanted a muscle graft 
supplied by a branch of the fistula onto the 
ischemic area of the brain. Their intent was to 
have the ischemia serve as an angiogenic stimu-
lus and thus mimic the angiogenesis that occurs 
in human AVMs. The authors found that many 
other aspects of this model mimicked human 
AVMs, including: thickening and fibrosis of 
the wall of the draining vein; angiogenesis sur-
rounding the area of the created AVM with 
new vessels demonstrating pathological wall 
changes; gliotic brain tissue formation and 
areas of ischemia; hemorrhage and thrombus 
formation in the brain tissue and vessels sur-
rounding the created nidus. The authors did 
not however, report any attempts at experimen-
tal treatments of this model. 
Rat
In the rat, Bederson19 created an extracranial 
arteriovenous fistula with occlusion of the 
contralateral vein. This was first created in an 
attempt to determine if a dural AVM would 
form as a result of sinus thrombosis. This model 
has been further modified to evaluate cerebral 
hypoperfusion20, the role of radiotherapy in 
the treatment of AVFs/AVMs21, and the role 
of sinus hypertension and thrombosis in the 
development of dural AVMs.22 
Vasospasm
Cerebral vasospasm continues to be one 
of the major causes of morbidity and 
mortality following anuerysmal subarachnoid 
hemorrhage. Megyesi et al. published a review 
of fifty-seven in vivo animal models of cerebral 
vasospasm dating back to 1928.23 These models 
employed rats, rabbits, cats, pigs, canines and 
primates. 72% used a technique in which blood 
was instilled around blood vessels to cause 
vasospasm and the remainder used a technique 
whereby they punctured or lacerated a vessel 
to allow blood to escape and thus induce 
vasospasm. Some of these models involve open 
cranial surgery to puncture the vessels, while 
others have implemented perforating the vessel 
from the luminal side by using an endovascular 
approach. They also describe extracranial 
models of vasospasm although they do point 
out that these models are controversial because 
their validity is questionable.
Simulations
Aneurysm
In a joint project between the departments 
of Neurosurgery and Aerospace Engineering, 
Kim et al.24 used a computational fluid 
dynamics software package to assess the risk 
of aneurysm rupture when porous stents were 
used as the sole treatment. Such models are 
reliable to the point where they can predict 
angiograms.25 A model of a wide-necked basilar 
trunk aneurysm was constructed based on the 
patient’s CT scans. The aneurysm was modeled 
untreated and treated with 1-3 stents from 
various manufacturers. The model predicted 
that these stents could suppress complex blood 
flow associated with ruptured aneurysms in 
another simulation study26, although the size 
of the effect depended on the specific geometry 
and on how well the stents were deployed and 
that a single stent would probably be insufficient 
to ensure a good outcome. 
Arteriovenous Malformations (AVMs)
Hademenos and Massoud created a 
mathematical model based on electrical 
networks.27, 28 This model was designed 
to allow an analysis of changes in AVM 
hemodynamic and biophysical characteristics, 
and individual parameters could be 
manipulated to determine changes in flow 
characteristic and likelihood of rupture or 
hemorrhage after various treatments. 
Kerber and Hecht29 implemented on a 
personal computer (with an Intel 286 
microprocessor!) a mathematical model which 
represented the AVM as a collection of 1000 
channels, each of which must be embolized 
to “cure” the simulated AVM. They later30 
constructed a physical model from a sponge 
with waxed tubes representing inflow (arterial 
feeders) and outflow tracts (draining veins). 
These models were intended to help guide 
the development of new neurointerventional 
techniques. The physical model made it further 
possible to test liquid embolic materials using 
microcatheters, and to teach endovascular 
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Applications in Training
In an ongoing effort to promote patient safety 
and enhance skills training, recent advances in 
technology have contributed to the development 
of non-animal simulation technology. These 
simulators enhance learning fundamental skills 
in procedures such as basic suturing, laparscopic 
surgery and endovascular treatments. As the 
technologies improve, the fidelity of these 
models has improved the reliability of these 
systems. For example, Wong et al.31 describe 
a 3D virtual reality system integrated with 
simulated manipulators for training in 
craniotomies and aneurysm clipping. A variety 
of clips and patient aneurysms were scanned 
into the simulator database so the user could 
learn how and why to combine different clips 
with different surgical approaches. Another 
group32,33 used the same system to train clinicians 
in minimally invasive surgical techniques. 
The development of haptic technologies, which 
provide touch and pressure feedback, have 
significantly improved the tactile experience 
of simulators.34, 35 Currently in use at the 
Jefferson Hospital for Neuroscience (JHN) 
is the Procedicus VIST™ simulator. This is a 
virtual reality simulator system that uses haptic 
feedback and metric assessment.36, 37 It can be 
used to acquire and hone basic and complex 
neuroendovascular skills. The system utilizes 
a mannequin and two computer screens 
along with actual endovascular equipment. 
The computer allows the user to choose from 
a variety of different programs representing 
different pathologies, e.g. saccular aneurysms, 
fusiform aneurysms, carotid stenosis. 
The simulator at JHN has been used by 
neurointerventional technologists, residents 
and fellows to develop proficiency in various 
procedures. This leads to increased benefits 
for practitioners, as they have improved skills 
and confidence when performing procedures 
on patients. The simulator has also improved 
patient safety as simulators have been shown 
to improve performance in endovascular 
procedures.38 
Conclusion
The new era of evidence-based management 
of disease will continue to demand increased 
justification from physicians for the treatments 
they use. At the same time, ethical constraints 
limit the early testing of new technologies on 
patients. Animal models, when designed, 
validated and used appropriately, can be an 
invaluable resource in the development of life-
saving technologies and techniques.
One reason to model a biological system is 
that construction of the model proves enough 
understanding to reproduce the system. It is 
presumably that same understanding that makes 
neurosurgical repair of the patient possible. A 
potential advantage of computational models 
is the opportunity to perform many virtual 
experiments in less time than it would take to 
perform one real experiment, but this depends 
on the power of the computer relative to the 
complexity of the model. An extension of this is 
using a computer to design optimized surgical 
plans and project the likely outcomes for patients 
in advance of surgery. The potential of computer 
models is restricted by the bottom limit of our 
ability to observe physiological processes and 
represent them on computer: as yet, we may not 
even have approached that limit.
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